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Introduction
Alternative transportation fuels are expected to become increasingly competitive over time as the finite supply of petroleum resources is depleted and the prices of fossil fuels are driven upward. However, negative externalities and economic impacts associated with the use of petroleum-based fuels provide a rationale for considering policy interventions to speed the transition to alternative fuels. As oil prices have trended upward and experienced greater volatility in the past decade, concerns have again been raised over our dependence on foreign energy sources and the expanding US trade deficit. Despite efforts to reduce dependence on imported energy sources over the past few decades through a variety of strategies, the share of imports in US oil consumption gradually escalated from a mere 21 percent in 1970 to over 60 percent during the past decade. With 5 percent of global population and 2 percent of oil reserves, the United States currently accounts for about 25 percent of world oil consumption, of which more than 50 percent comes from imports. On the global scale, about 45 percent of world oil production was consumed by the transportation sector in 1973, increasing to 61 percent in 2007 (Figure 1 ). This trend has been attributed primarily to growing global motorization and international trade. The share of oil consumption in nonenergy sectors, such as the petrochemical industry (plastics and fertilizers), has also grown slightly in the past three decades. The share of oil consumption from other sectors, including powering of farm equipment, power generation, and heating oil in residential use, has declined over that time.
One offshoot of these events has been the development of policy incentives promoting the growth of alternative transportation fuels, not only in the United States, but across the world. However, we remain highly dependent on imported oil. In 2011, the United States imported 3.24 billion barrels of crude oil at a cost of $330 billion (US Department of Energy [DOE] /Energy Information Administration [EIA], 2011a). President Obama, in his blueprint for energy security, described a vision of reducing US dependence on oil, combating pollution, and creating jobs by investing in clean-energy technologies (The White House, 2010) . Key goals in moving toward this vision include reducing US oil imports by one-third by 2025 and implementing the New Clean Energy Standard for America, which aims to achieve a goal of having 80 percent of US electricity generation come from clean energy sources (e.g., wind, solar, clean coal, nuclear power) by 2035.
Not only is the quantity of oil being imported of grave concern, but also the vulnerability of the US economy to the volatility in oil price and supply. Recently, energy experts predicted that oil prices could soar by 50 percent or more within a few days over concerns regarding greater instability in oil markets when Iran threatened to block the Strait of Hormuz (Krauss, 2012) . Although more than 85 percent of oil and natural gas that flows through the Strait goes to Asian countries, the ripple effect on the global oil price would severely affect the US trade deficit and national security. Several researchers have calculated the negative effects of higher oil prices on the US aggregate economy in the past decade (Hamilton, 2011; Ramey & Vine, 2011; Blanchard & Riggi, 2009 ). Copulos (2003) estimated that the cumulative economic impact of oil supply disruptions for the three decades since 1973 is about $2.5 trillion. A recent estimate by Greene, Lee, and Hopson (2011) revealed that the cumulative direct cost of oil dependence from 2005 to 2010 alone is about $2.1 trillion. In recent years, energy security has become a global concern because many fast-growing Asian economies also depend on imports for a large share of their oil consumption. This poses a great challenge and opportunity to develop sustainable technologies that reduce dependence on oil.
Addressing the Energy Security Challenge
Three vital issues need to be considered when addressing the energy problem: externalities, sustainability, and energy security. If we start with the primary focus of achieving energy security (e.g., by reducing dependence on oil, developing alternatives, improving energy efficiency), we must account for the economic and environmental externalities associated with alternative energy technologies (Figure 2) . the market price. For example, production of a particular type of biofuel in the United States is expected to contribute toward energy security by reducing oil imports, improving the balance of trade, reducing national security costs, and helping the rural economy. These are the positive externalities. In contrast, the negative externalities are the cost of subsidies, tax credits, the capital cost of infrastructure such as refineries and pipelines established across the country, and higher feedstock prices, which could help farmers but hurt the animal feed and food industries. The environmental externalities include impacts on natural resources and greenhouse gas (GHG) emissions. After accounting for the costs and the environmental impacts of an energy system, another vital issue is to ensure that the chosen energy sources would lead us toward a sustainable future. Sustainability, in turn, depends on consumers' attitudes toward a particular energy source (e.g., buying hybrid vs. conventional cars, commuting by mass transportation). In moving toward energy security, it is important to address the energy trilemma bounded by these three issues with a focus on transportation fuels.
Why the Transportation Sector?
Oil has been the predominant source of energy for transportation with very limited and nascent alternatives. In the United States in 2009, about 72 percent of oil was used for transportation, 22 percent for industrial uses, 5 percent for residential and commercial uses, and 1 percent for electric power. As Figure 1 shows, globally about 61 percent of oil energy was consumed by the transportation sector in 2007, which was a gradual increase from only 45 percent in 1973. Despite technological advancements to develop alternative fuels, the use of petroleum products in US transportation is likely to continue increasing. The International Energy Agency (IEA) (2011b) estimates that US transportation energy consumption will increase from 29 quadrillion Btu (QBtu) in 2007 to 33 QBtu in 2035. Their reference case estimate assumes adoption of appliance efficiency standards such as the US EPA-proposed corporate average fuel economy (CAFE) standards and the GHG emission standards issued by the National Highway Traffic Safety Administration (NHTSA) for light-duty vehicles. Economic externalities refer to the social benefits derived and costs incurred from production of energy until its end use that are not reflected within More recent estimates from the US DOE/EIA (2012a) indicate that energy consumption in the US transportation sector is likely to increase less, from 27.6 QBtu in 2012 to only 28.8 QBtu in 2035 ( Figure  3) . This lower projected level of transportation energy consumption is mainly attributed to an increase in the fuel economy of highway vehicles and also a reduction in vehicle-miles traveled because of lower projected economic growth and employment rates than assumed by the IEA (2011b). However, among energy users, the transportation sector continues to play a prominent role as a result of continued growth in energy consumption and its substantial economic and environmental externalities.
Sustainability

Energy security Externalities
Because several technologies are in the race for alternative fuels at the pump, it is important to understand the complex subsidies and externalities related to transportation fuels because they may result in unintended impacts on the environment and the economy. This study highlights the security and national defense, economic, health, water use, and other environmental impacts associated with various transportation fuels. Specifically, we explore the energy security costs involved in terms of subsidies/ tax credits and national defense expenditures attributed to secure energy resources and develop a decision support mechanism based on economic models and a life-cycle assessment (LCA) model to estimate the key environmental externalities such as GHG emissions and biodiversity loss across different transportation fuels.
Energy Security
Energy security is an increasing concern because it is a vital part of national security policy. The term "energy security" has frequently been used in the spirit of justifying a policy or a technology. For instance, it is often used both in the context of reducing foreign imports of energy resources and with reference to technologies to diversify domestic energy production. Loschel, Moslener, and Rubbelke (2010) identified three major reasons for a frequent use/abuse of the energy security concept: (a) it is important to the major economies, (b) it is a complex and interrelated issue, and (c) it lacks well-defined ideas supporting it. In the ambit of these reasons, we have highlighted the approaches to address energy security issues in the literature.
Although energy security is a much broader issue, it is often defined in the ambit of dependence on oil. Ever since the energy crisis of the 1970s due to the oil embargo, US energy analysts have raised concerns about our level of dependence on foreign oil and its potential risk to national security. As the price of oil rises, the US trade deficit swells because petroleum imports account for such a large share of the deficit. For instance, the petroleum-related US trade deficit in 2010 was $265 billion, which accounted for 42 percent of the total deficit in goods. This section addresses issues related to dependence on foreign In 2004, the global transportation sector derived 95 percent of its energy from petroleum and contributed 23 percent of energy-related GHG emissions (Kahn et al., 2007) . In 2009, GHG emissions from the US transportation sector accounted for 27 percent of national emissions, representing the second largest source after the electricity sector (US EPA, 2010). Furthermore, the national security cost of defending the global oil supply has drawn much attention in recent years. Although several studies have looked at the economic impacts and environmental externalities of transportation fuels, they have typically focused on either petroleum fuels or alternative fuels in isolation and generally have examined only a subset of fuels and selected economic impacts and externalities. oil, volatility in oil prices, oil security premiums, US monopsony cost, subsidies for transportation fuels, and national security costs.
Dependence on Foreign Oil
Several recent studies on energy security issues have focused primarily on the determinants of oil price volatility and its impact on various measures of the US macro economy such as consumption, investment, and employment. In 2011, crude oil production in the United States was 5.67 million barrels per day (mbpd), and we imported about 8.87 mbpd of oil at a cost of about $1 billion a day (US DOE/EIA, 2012b). US production and net imports of petroleum and other liquid fuels over the past six decades are displayed in Figure 4 . As shown in this figure, US production of liquid fuels peaked in the early 1970s, and the share of imports started expanding afterward. The peak imports (dependency) were in 2006 when the share of imports constituted 60 percent of US consumption, although it fell to 45 percent in 2011. Part of this reduction in imports was due to the decrease in overall US consumption of liquid fuels by 9.2 percent during the 2007 to 2009 period, owing to the economic recession. From 2007 to 2011, the domestic production of liquid fuels, including petroleum and biofuels, increased by 21.6 percent.
Currently, about 25 percent of the crude oil imported into the United States comes from Canada, followed by Saudi Arabia (14 percent), Mexico (13 percent), Venezuela (11 percent), Nigeria (10 percent), and Iraq
As defined by Staley, Ladislaw, Zyla, and Goodward (2009) and Wicks (2009) , energy security must ensure the following:
• Physical security-avoidance of involuntary interruptions of supply, diversity in suppliers, diversified and reliable energy sources
• Price security-relatively stable and affordable price to consumers
• Geopolitical security-having foreign policies independent of energy supply 1998 1996 1994 1992 1990 1988 1986 1984 1982 1980 1978 1976 1974 1972 1970 1968 1966 1964 1962 1960 1958 1956 1954 1952 1950 2011 2009 2007 2005 2003 2001 1999 1997 1995 1993 1991 1989 1987 1985 1983 1981 1979 1977 1975 1973 1971 1969 1967 1965 1963 1961 1959 1957 1955 1953 1951 1949 (6 percent), with another 10 countries combining to constitute the other 21 percent of US imports. According to IEA (2011b) forecasts, under their New Policies Scenario (that assumes recent policies announced by national governments are successfully implemented), the Middle East and North African (MENA) region is set to supply the bulk of the growth in oil output through 2035, while oil extraction in other regions such as Russia, Mexico, Europe, and China becomes increasingly costly. As a result, the price of oil is likely to be higher in the future because of rising transportation demand coupled with greater upstream costs. Because nearly half of the oil imports come from politically unstable economies such as Saudi Arabia, Venezuela, Nigeria, and Iraq, this situation poses greater vulnerability to oil price fluctuations and leaves the nation's energy as well as national security at risk.
Researchers have analyzed the potential impact of higher oil prices on the US economy based on oil expenditures as a share of gross domestic product (GDP). Figure 5 displays the trend in the share of expenditures on petroleum consumption or imports to the US nominal GDP over the past six decades. These shares are also compared with the crude oil price over the same period. Historically, the share of expenditures has spiked significantly whenever the oil price has been high.
The historical average share of expenditures on petroleum consumption is 2.75 percent and that of petroleum imports is 0.98 percent. This share helps in understanding the response of GDP with respect to changes in petroleum consumption. As Figure 5 shows, the petroleum costs (both total consumption and imports) as a share of GDP were below the historical average during most of the late 1980s through 2001. Interestingly, when the share of petroleum costs to GDP is higher in a particular year, the growth of US nominal GDP falls sharply in the subsequent year. Although other economists may include somewhat different components in their calculation of these petroleum costs (discussed in subsequent sections), Greene (2010) and Greene et al. (2011) argue that this time frame can be considered 2011 2009 2007 2005 2003 2001 1999 1997 1995 1993 1991 1989 1987 1985 1983 1981 1979 1977 1975 1973 1971 1969 1967 1965 1963 1961 1959 1957 1955 1953 1951 1949 a period of US "oil independence. " Greene (2010) makes the case that measures of oil dependence cannot be based merely on the share of imports, but that dependence is a function of a combination of factors: (a) a noncompetitive world oil market strongly influenced by the Organization of Petroleum Exporting Countries (OPEC) cartel, (b) high levels of US imports, (c) the importance of oil to the US economy, and (d) the lack of economical and readily available substitutes for oil.
The National Academy of Sciences (NAS) (2009) compiled estimates of US oil dependence since 1990 and projections for 2030 (Table 1) . US petroleum consumption in 1990 was 17 mbpd, constituting about 26 percent of world oil supply, and it is projected to increase to 22.8 mbpd, constituting 22 percent of world oil supply in 2030. Although the world oil price forecast for 2030 in the NAS study is only $60/barrel in 2007 dollars (which is unlikely considering the latest US DOE/EIA [2012a] forecast for the reference case suggests close to $150/barrel), it is important to note the rising share of OPEC oil supply to more than 46 percent by 2030.
However, oil intensity (measured as 1,000 Btus of oil consumption per dollar of GDP) is estimated to fall from 3.4 in 2007 to 2.2 by 2030. Similarly, US oil intensity measured as a share of GDP is projected to fall from 3.6 in 2007 to 1.9 by 2030, implying that the importance of oil to the US economy is likely to decline despite rising consumption. Greene (2010) argued that "energy independence will be achieved when the annual economic costs of oil dependence are less than 1 percent of US GDP, with 95 percent probability" (p. 1615). Although total consumption of petroleum in the United States and imports have dropped since 2007 (Figure 4) , petroleum costs as a share of GDP have risen in recent years ( Figure 5 ). Oil prices have risen more rapidly than consumption has fallen, leading to higher total oil expenditures.
Empirical studies suggest that higher energy prices have historically affected economic growth. Because oil security premiums are directly affected by oil prices, it is important to understand the relationship between oil price and the US GDP. Studies based on econometric estimation have found that the response of US GDP to oil price shocks (elasticity) is about −0.044 with a lower and upper bound of −0.012 to −0.078, respectively (Brown & Huntington, 2010) . This coefficient, estimated based on log linear functional form, indicates the percentage change in GDP due to a 1 percent change in the price of oil. The findings in the literature indicate that this elasticity estimate has decreased for the data from recent decades relative to data from the 1970s, signifying a declining importance of oil to the US economy. Hamilton (2011) noted that previous 10 out of 11 US recessions since World War II were preceded by spikes in oil prices. His estimations on the response of real GDP growth rates to lagged oil prices were negative and highly statistically significant. He further showed that US real GDP growth can be predicted one-quarter ahead by including an appropriately defined lagged nominal price of oil. In the context of the oil crisis and economic growth during the 1970s, Kopits (2009) pointed out that the US economy has tended to grow well when the share of oil consumption expenditures to GDP was less than 2 percent. The author indicated that whenever oil consumption expenditures crossed 4 percent 
Volatility in Oil Prices
Rising oil prices can potentially affect the US economy. Volatility in oil prices could significantly affect any large oil-importing country by affecting its balance of trade. Uncertainty in oil supply, particularly due to recent political unrest in the MENA region, has exacerbated oil price spikes. Recently, energy experts predicted that Iran's threat to close the Strait of Hormuz could raise oil prices 50 percent within a few days (Krauss, 2012) . Even a partial blockade by Iran could not only severely affect the energy supply to major importers such as China, Japan, and other Asian countries, thereby threatening global energy security, but also pose a risk to US economic interests in the Gulf region. In moving toward a path of energy independence, Rao (2012b) asserted that US imports of about 1.7 mbpd oil passing through the Strait could be replaced by establishing gas-to-liquid (GTL) plants, additional pumping of unconventional oils through the TransAlaska Pipeline System, fuel switching to liquefied natural gas (LNG) or methanol by long-haul trucks, renewable fuels, and displacement of diesel by compressed natural gas (CNG). Figure 6 Another factor that is supportive of higher crude oil prices is the weakness in the US dollar. Because most of the oil exporters receive their revenues in US dollars and use this revenue to import goods and services from other countries by making payments in their respective currencies, any change in value of the US dollar directly affects their real income and therefore the purchasing power of the oil-exporting countries. Any change in the value of the US dollar is likely to have short-term and long-term implications on the oil market. In the short term, a falling dollar may not affect oil prices much, but it can influence the speculation and investment decisions on the oil futures markets by attracting investors anticipating higher yields and vice versa. However, in the long run, a weaker dollar can affect the market by increasing consumption (demand), especially in regions with appreciating currencies, and it can constrain supply by reducing production as a result of lower receipts. The net effect would be an increase in oil prices.
Oil Security Premium
The term "oil security premium" has been defined from several perspectives. Brown and Huntington (2010) defined it as a quantification of externality portions of the economic losses associated with the potential disruptions of supply that occur because of increased consumption of either domestic or imported oil. Oil security premium is also defined as the marginal external costs of petroleum consumption (Leiby, 2008) . Parry and Darmstadter (2003) defined oil security premium as the difference between the costs incurred by the US economy as a whole and the costs incurred by individuals or firms from additional oil consumption. Those authors argue that the oil premiums indicate how much oil should be taxed after accounting for all the social costs of oil consumption such as local and global air pollution, traffic congestion, and accidents.
Before we look at the oil security premium, it is interesting to explore the oil extraction/production cost across different regions in the world. The regions with relatively lower production and finding costs have greater leverage to receive higher premiums on their exported oil. As reported by US DOE/EIA (2011c), the lifting cost of crude oil in the United States is only $8.50/barrel of oil equivalent (boe) in 2009 dollars ( Table 2 ). The lifting cost is the cost incurred to operate and maintain wells and related equipment and facilities to produce oil and gas. The total production cost includes the direct lifting costs and the production taxes. The average production tax In addition to production costs, another important cost that needs to be accounted for is the finding cost, which includes exploration and development costs for adding proven reserves of oil and natural gas. The finding costs are generally accounted for as the weighted average over a period of 3 years. As Table 2 indicates, the finding costs are highest in Europe ($42 per boe), followed by Africa, the United States, and the other western hemisphere region. Table 3 offers a comparison of total production costs across different sources as estimated by IEA (2008). As discussed above, the oil fields in the MENA region have the lowest production costs, but unconventional oil, such as oil shale, gas to liquids, and coal to liquids, is associated with relatively higher production costs. With these higher production costs, advancement of unconventional fuel technologies requires a higher break-even price of oil. Michalek et al. (2011) indicated that the economic cost of US gasoline consumption should include at least three components: (a) risk of losses due to oil supply disruptions, (b) higher costs due to the effect of US demand on world oil prices, and (c) the cost of existing policies meant to enhance oil security. Greene (2010) argued that the cost of oil dependence is due to OPEC's noncompetitive behavior in the world oil market, which results in higher oil prices. As a result of the presence of this cartel, the US economy suffers from three kinds of economic costs: (a) transfer of wealth, (b) loss of potential to produce, and (c) disruption losses. Although transfer of wealth occurs when oil producers raise prices by using market power, it does not necessarily reduce US output. However, the other two costs reduce US GDP. Greene et al. (2011) claimed that because the costs of oil dependence are due to "market failure" of an imperfect competition, these costs should not be treated as an "externality. " However, Copulos (2003) and NAS (2009) considered these "hidden costs" externalities.
Brown and Huntington (2010) estimated oil security premiums by using a range of parameter assumptions based on the US DOE\EIA's projected oil market conditions for 2015 to 2016 (Table 4) . Those authors employed a welfare-analytic approach that included projected world oil market conditions, probable oil supply disruptions, and their resulting market responses, including the US economic losses that should be considered externalities. They assumed the projected world price of oil is $100 per barrel and the US GDP is $16.315 trillion in 2007 dollars. As the table suggests, the expected GDP loss associated with a marginal increase in the consumption of imported oil is $4.87 per barrel, which is greater than the GDP loss of consuming domestic oil ($3.65 per barrel). The expected transfer of wealth is found to decline (−$0.84 per barrel) with the increase in consumption of domestic oil and the expected transfers increase ($0.11 per barrel) with the increase in consumption of imported oil. The total externality is the net effect of GDP loss and transfers, which was estimated to be $2.81 for domestic oil (with a range of $0.19 to $8.70) Similar estimates of oil premium costs were reported by Parry and Darmstadter (2003) . Their estimation of $5 per barrel of oil (12 cents per gallon of gasoline) was assumed to reflect the risk of macroeconomic disruptions from oil price shocks and US market power in the world market. The authors also pointed out that although gasoline taxes in the United States (federal plus average of state taxes) are currently much higher than their estimated oil premium, the optimal fuel tax should be around $1 per gallon of gasoline if we account for other social costs such as local and global air pollution, traffic congestion, and accidents.
Monopoly market power in the world oil market leads to lower levels of production than levels of production that could be attained in a competitive market. It also leads to higher oil prices with high volatility and lower social welfare. Based on empirical studies, Parry and Darmstadter (2003) indicated that OPEC supply behavior conforms more closely to an output-sharing cartel (imperfect) than a competitive model. Greene et al. (2011) argued that although a standard solution to reduce market power would be to break up the monopoly power into smaller firms that increase the competition, it is impracticable because the firms are the sovereign countries. Those authors estimated that the costs of oil dependence to the US economy mainly due to the noncompetitive behavior of the world oil market were about $500 billion in 2008 and totaled about $2.1 trillion over a period from 2004 to 2010. However, Arvizu and Drennen (1997) distinguished the role of government in short-term and long-term crises. In short-term crises that may be politically driven or result from temporary market disequilibrium, government action should help provide stability and predictability in the market, for example, formulation of Strategic Petroleum Reserve drawdown plans during shortterm supply interruptions. The longer-term crises may arise because of issues such as diminishing oil reserves, increasing concentration of remaining reserves in politically unstable regions, increasing demand from other regions such as Asia, and rising global concerns to reduce GHG emissions. Although government actions under these crises would differ strategically, the overall goal should be to move toward more elastic oil prices so that higher oil prices could lead to decreased demand for oil. This fall in demand would ease upward pressure on oil and encourage alternative sources of transportation.
Accounting for the US Monopsony Cost
Because the United States is the largest oil consumer in the world, studies on energy security cost estimations have included the monopsony cost and macroeconomic disruptions. Any US domestic policy that reduces the demand for oil is expected to reduce the world price of oil and thus benefit the United States through lower prices on the subsequent oil imports (NAS, 2009). Parry and Darmstadter (2003) argued that if the United States were a price taker in the world market, OPEC's behavior would have kept the oil price above its competitive level over the long run. As a price taker, there would be no implications on the marginal external cost for US oil imports, apart from costs due to short-run volatility. However, being the largest consumer, the United States has monopsony power, which, for instance, is reflected in a slight increase in oil prices when the overall US import demand for oil increases. The higher oil price/expenditure has to be paid for both domestic and imported supplies, resulting in additional externality/costs on wealth transfer out of the United States. The difference between this cost and the market price for an additional unit of imported oil depends on the level of US imports as well as the effect of US demand on the world price of oil. Similarly, if there is a decrease in US demand leading to a slight decrease in the world oil price, it would lead to monopsony benefits due to avoided payments to the exporting countries. Parry and Darmstadter (2003) estimated the marginal external cost per barrel of US oil imports from monopsony power as a ratio of world price divided by the elasticity of supply of US imports with respect to world price. To estimate this response, those authors assumed import supply elasticities between 0 and 20 and world oil prices of $15, $25, and $35 per barrel. The response function convex to the origin showed that, at lower import supply elasticities, the premium was very high. For example, when the elasticity is 2 and the world price of oil is $25 per barrel, the premium was greater than $15 per barrel; whereas when the elasticity took a larger value, the premium fell closer to zero. For an elasticity ranging from 5 to 20, the estimated premium ranged from $1.3 to $5.0 per barrel at a world oil price of $25 per barrel.
However, as NAS (2009) indicates, the premium resulting from monopsony power reflects the fact that individual consumers per se do not recognize this potential buying power that exists when the entire United States together executes.
A major component of oil dependence cost that is not incorporated into the price of oil is the cost of macroeconomic disruption. As discussed above, macroeconomic disruptions include transfers of US wealth to oil exporters and the impact of cost increases on the economy in terms of loss in economic output, income, and jobs (NAS, 2009) . A comparison of estimates across various studies on the costs of oil dependence that include monopsony as well as macroeconomic disruption costs is provided in Table 5 . The monopsony cost reflects the cost of importing oil due to the effect of changes in US import demand on the world oil price over the long run. This cost is estimated to range from $8. (2.77-13.11) 4.59 (2.10-7.40) 12.00 (6.67-17.95) Leiby (2008) 2009 (2005$/barrel) 9.00 (3.22-16.71) 5.45 (2.59-8.69) 14.45 (7.82-21.98) Leiby ( 4.26-21.37) 6.70 (3.11-10.67) 18.49 (7.82-21.98) Leiby (2008) 2020 (2008$/barrel) 12.28 (4.16-23.74) 7.39 (3.39-11.92) 19.66 (10.27-30.90) US EPA and NHTSA (2010)
12.69 (4.43-23.80) 8.54 (4.10-13.60) 21.33 (11.30-32.88) US EPA and NHTSA (2010)
12.68 (4.41-23.41) 8.99 (4.48-14.08) 21.67 (11.54-31.10) US EPA and NHTSA (2010) Note: Figures in parentheses are based on the lower-and upper-bound elasticities of US GDP to oil price.
effect implies that if the US imports 10 mbpd of oil at a world price of $100 per barrel, it would cost $1 billion per day. If US imports drop to 9 mbpd and result in world prices falling to $98 per barrel, then the daily cost of oil imports would drop to $882 million. The drop in oil price payments by $118 million is equivalent to an incremental benefit of $118 per barrel of reduced oil imports ($118 million per day/1 million barrels per day) or $20 more than the newly decreased oil price of $98 per barrel. The import cost premium is represented by this additional $20 per barrel, which indicates the incremental external benefits to the United States for avoided import costs beyond the price paid by oil purchases.
The macroeconomic disruptions or adjustment costs refer to costs such as the additional cost of imports due to spikes in oil prices in the short run and the costs associated with GDP loss, macroeconomic contraction, and allocative or adjustment losses. As the table indicates, these estimated costs were around $5.45 per barrel in 2009 (Leiby, 2008) and could be as high as $8.99 per barrel in 2040 (US EPA & NHTSA, 2010). The total midpoint values are the sum of monopsony costs and the macroeconomic disruption costs. The US EPA and NHTSA (2010) estimate for 2020 indicated that the total energy security premium associated with a reduction in imported oil is $19.66 per barrel, which amounts to $0.47 per gallon of gasoline. Although the bulk of the oil dependence cost is due to the monopsony cost, Greene et al. (2011) argued that the cost of monopsony power should not be treated as an externality, and taxing oil or imported oil is not an adequate solution to this problem.
Subsidies for Transportation Fuels
Globally, most transportation fuels are associated with subsidies and/or taxes, along with import tariffs, contributing to social costs and benefits associated with these policy instruments. Not much work has been done on estimating the full extent of subsidies given to fossil fuels. However, Victor (2009) indicated that the total consumption subsidy on fossil fuels in the major 20 non-OECD countries amounted to $300 billion. Subsidies are frequently used by governments to achieve social objectives. These include growing markets, leveraging national resources, providing employment, and promoting energy security. However, subsidies (by design) alter market signals/ mechanisms and change producers' and consumers' choices.
IEA (2011a) reported that fossil-fuel subsidies result in market distortions and would lead to an economically inefficient allocation of resources, while the subsidy policies often fail to meet their intended objectives. Although the rationale behind subsidies for fossil fuels is often to alleviate poverty or to promote economic development, they could encourage unintended consequences such as creating wasteful consumption, threatening energy security by increasing imports and decreasing exports, encouraging fuel adulteration and smuggling, discouraging investment in energy infrastructure, distorting markets and creating barriers for clean energy investments, and leading to an increase in CO 2 emissions due to greater consumption of fossil fuels.
IEA (2011a) estimates that global fossil fuel subsidies accounted for $409 billion in 2010, of which about 48 percent constituted subsidies for crude oil, 30 percent for electricity, and 22 percent for natural gas. Not much research has been done on the full inventory of direct and indirect subsidies related to transportation fuels, particularly fossil fuels and their intended and unintended impacts on energy markets. Accounting for the costs of energy subsidies is essential for assessing the full cost of energy security and externalities.
The US federal government's financial interventions and subsidies provided to the energy sector are reported in Table 6 . The subsidies provided to the energy market more than doubled from $17. One important category that is most relevant here is the "fuels used outside the electricity sector, " which constituted about $10.5 billion, accounting for 28 percent of energy subsidies in 2010. About $7.6 billion of this subsidy went for supporting biomass and biofuels. Under the Volumetric Ethanol Excise Tax Credit (VEETC), blenders of ethanol with gasoline received a credit of $0.45 per gallon ($0.60 per gallon for alcohol fuel mixtures [nonethanol], $0.50 per gallon of biodiesel, and $1.00 per gallon of agri-biodiesel). The VEETC alone constituted $5.7 billion in 2010, which was categorized as a reduction in excise tax revenues. However, the VEETC expired on December 31, 2011. Apart from biofuels, natural gas and petroleum liquids also received significant subsidies, constituting 20.7 percent of fuel-specific subsidies (US DOE/EIA, 2011b). Because the energy subsidies pose many positive and negative externalities, it is important to account for these components while estimating the energy security costs.
National Security Costs of Securing Energy
The rising cost of imports due to higher oil prices poses a threat to economic as well as national security. The growing dependence on foreign oil also constrains our ability to pursue strategic foreign policy and national security objectives (Deutch, Schlesinger, & Victor, 2006) . Furthermore, greater dependence on imports leads to higher national security costs. The US military has been playing a crucial role in ensuring continued production and transportation of oil, particularly in politically volatile regions with frequent conflicts and insurgency. Former Commander General Wesley Clark urged the United States to achieve energy independence for the sake of national security and financial stability and to avoid conflicts with unfriendly countries with abundant oil (Fehrenbacher, 2008 ).
As discussed above, OPEC is capable of limiting the supply of oil to countries such as the United States, thus resulting in higher prices. The exercise of OPEC's monopolistic power leads to a slower transition to a substitute (such as alternative fuels) than would be experienced in a competitive market. For alternative fuels to be cost competitive, oil prices must be stable. If OPEC momentarily slashes oil prices by increasing its oil supply, production of alternative fuels would become economically infeasible and could impede the growth of the industry. Because substitutes for oil are largely unavailable, it gives oil producers even more power to increase prices (Tietenberg & Lewis, 2009 ). National security concerns are important in terms of OPEC's control over oil production and supply. The most recent National Defense Strategy emphasizes the importance of maintaining access to energy sources (Crane et al., 2009 ). Many OPEC members are politically unstable countries such as Iran, Iraq, Nigeria, and Libya. Disruptions in supply are a constant possibility and could lead to international conflicts. Vulnerable strategic imports lead to an extra cost not reflected in the price of oil at the pump.
National security is considered a "public good, " which is defined as a resource distinguished by nonexclusivity 1 and indivisibility 2 (Tietenberg & Lewis, 2009) . If an oil embargo were to occur in the short run, demand would become close to perfectly inelastic, and US consumers would pay virtually any price for oil. It is possible that a sharp reduction in supply or increase in price level could also lead to an economic recession (Crane et al., 2009) . Substantial monetary and military investments must be made to protect security of the production and transport of 1 Nonexclusivity implies that no individual can be excluded from using the good, regardless of whether they paid for it. 2 National security is indivisible because it is a collective good that cannot be bought by an individual.
oil from areas such as the Persian Gulf. Estimates of the financial investments made to secure protection of these sources range from $13 billion to $143 billion per year (Crane et al., 2009) . Even a small portion of this security cost spent on developing alternative fuels would be rewarding in moving toward energy security.
The Southern States Energy Board (2006) estimated that the national security cost of imported oil is about $300 billion per year. The RAND Corporation estimated the incremental cost to the annual US defense budget for secured supply and transit of oil to be about $83 billion (15 percent of defense budget) (Crane et al., 2009) . With the import of 176 billion gallons of liquid petroleum products, the national security cost amounts to an additional $1.70 per gallon and may be up to $3.40 per gallon at the pump, if it is assumed that all of the national security costs are borne by the half of US imports that come from unfriendly and unreliable sources. Parry and Darmstadter (2003) argue that because US military expenditures in the Middle East are partly to secure imported oil, these expenditures should be counted toward the total cost of oil import dependency. Several studies on estimating energy security costs do not account for military expenditures, mainly because of the difficulty in assessing the correct portion of military costs that should be attributed to the external costs of oil. Another major reason for not incorporating military spending into the external costs of oil is that it will not vary much with changes in oil imports.
The US Department of Defense's (DoD's) consumption of petroleum and expenditures on petroleum from 1998 to 2010 are depicted in Figure 7 . Although oil consumption by US defense constitutes less than 2 percent of total US consumption, it still forms a considerable portion of the defense budget. in oil prices considerably affects defense expenditures, which could affect executing strategic missions.
Although it is challenging to assess the military cost of oil dependency, a few attempts have been done in the literature to quantify these costs. Delucchi (2005) estimated that the military cost of oil for 1991 was about $0.6 to $6.8 billion. Copulos (2006) incorporated several elements of the "hidden cost" of imported oil for estimating the cost of oil dependence. The author indicated that "hidden costs" would include the (a) cost of oil-related defense expenditures, (b) loss of current economic activity due to capital outflow, (c) loss of domestic investment, (d) loss of government revenues, and (e) cost of periodic oil supply disruptions. Copulos argued that when these elements are taken together, they constitute a financial drain that is nearly twice that of total national defense expenditures. If externalities such as national security costs were included in the price of oil, it could boost the US transition to alternative fuels such as biofuels that use domestic resources, create jobs, and retain wealth in the United States. In addition, technologies such as natural gas, hydrogen, electric vehicles (EVs) etc. that could reduce oil imports could help achieve energy security. A related issue concerning national security is how the revenues earned by oil-exporting countries are recycled back to the US economy (Levi, 2010) . The revenues could be channeled through purchases of US goods and services, public and private debt, and/or assets. Additional insights on this issue would help gauge the consequences of oil price volatility. Some studies have also indicated that higher oil prices have historically had a contractionary effect on the US economy. In contrast, there is ample evidence that energy prices have contributed to the macroeconomic performance of energy-exporting countries (Barsk & Kilian, 2004 ). This issue is pertinent given the current global economic situation and needs to be examined in the scope of net energy-consuming and net energyproducing economies.
Externalities of Energy
Externalities can be defined as the inefficiencies that arise when some of the benefits accrue to or costs are imposed on individuals who are not directly involved in market agreements. In other words, externalities reflect positive (benefit) and negative (cost) implications for the well-being of one agent as a result of activities of another, external to the market mechanism. Although some studies do not treat the cost of oil dependence as an externality (Greene, 2011) , several other studies (e.g., Copulos, 2003; NAS, 2009 ) have treated the external or hidden costs as an externality of oil consumption. In estimating the external costs of oil, Copulos (2003) included these elements: cost of oil-related defense expenditures, the loss of current economic activity because of capital outflow, the loss of domestic investment, the loss of government revenues, and the cost of periodic oil supply disruptions. However, the NAS (2009) study focused more on estimating the environmental externalities. In this section, we focus on assessing the environmental externalities across selected transportation fuels based on economic and LCA models.
Environmental Externalities of Transportation Fuels
One of the major environmental externalities for transportation fuels is their GHG emissions. Studies have used LCA techniques to measure the GHG externalities of transportation fuels. An LCA technique helps analyze the full impacts of a product by accounting for all stages of its life cycle, both direct and indirect economic and environmental impacts. For instance, the crude oil externality could be calculated starting from crude oil extraction, refining, transportation and distribution, storage, and moving to the final use of refined products in transportation. Alternative transportation fuels have gained momentum in the United States, primarily corn ethanol to date, because they have been envisioned to contribute to energy security by reducing oil imports, improving the balance of trade, and creating more jobs in rural areas. However, using corn ethanol has other economic implications such as the cost of subsidies or tax credits and higher corn prices. In addition, using corn ethanol has environmental impacts such as its impact on land use, water use, and GHG emissions. The existing literature on GHG emissions from various transportation fuels indicates contrasting findings. Some LCA studies have shown net reductions in GHG emissions for certain biofuels relative to fossil fuels, while others argue that biofuels produced on converted land could lead to greater GHG emissions than fossil fuels when fully accounting for emissions from land use change. These findings offer an ample scope to more fully characterize different assumptions and methodologies adopted in estimating these externalities across different transportation fuels.
One of the most widely debated externalities associated with large-scale biofuels production is the consequences on land use. The conversion of land not only releases GHGs, but also leads to degradation of soil and water resources and loss in biodiversity.
The nascent literature on biofuels indicates that not much work has been done on these issues in a comprehensive manner across alternative fuels.
On the fossil fuels side, currently about 8,000 tankers are involved in transporting oil and its products across the world (Slingenberg et al., 2009) . Although oil spillages due to tanker accidents or at oil wells/ refineries are not frequent, some past incidents have caused profound consequences on the environment and the energy market. Thus, it is important to include these environmental assessments when accounting for the externalities across transportation fuels.
A Review of Environmental Externalities of Fossil Fuels
This section gives an overview of the externalities associated with different transportation fuels in the literature. Tables A-1 and A-2 in the Appendix give a relative comparison of externalities across 15 different transportation fuels. One of the major environmental externalities associated with energy production and consumption is GHG emissions, which may play a role in climate change. GHG emissions from the transportation sector accounted for approximately 23 percent of anthropogenic GHG emissions worldwide (Kahn et al., 2007) . Over the past 10 years, however, transportation emissions have increased more rapidly than emissions from any other energy sector. About 27 percent of total US CO 2 emissions are directly attributed to the transportation sector, about twothirds of which come from gasoline and diesel use in motor vehicles (US EPA, 2010) . If the current growth in energy use continues, GHG emissions from the transportation sector are expected to increase at an annual rate of 2 percent (Bernstein et al., 2007) .
Gasoline and diesel are presently the main sources of transportation fuels, and their impact on global GHG emissions is substantial. Current prices of these fuel sources do not take into account the significant costs associated with human health and well-being, energy security, and environmental impacts. Costs not included in the price at the gasoline pump are examples of negative externalities. Some alternatives to these traditional fuels discussed here are liquefied petroleum gas (LPG); hydrogen; coal to liquids (CTL); CNG; GTL; EVs; and renewable fuels such as ethanol and biodiesel from traditional crops, dedicated energy crops, crop residues, forest residues, and algae-based biodiesel. In terms of researching environmental impacts of energy alternatives, it is important to assess life-cycle GHG impacts. One issue is that a limited number of studies have been done on both mitigation potential and environmental effects of these alternative energy sources, particularly outside of renewable fuels that were studied for the RFS.
Gasoline
Oil is a fossil fuel formed from decaying plant and animal matter and blended with sediments of shallow seas and then covered by strata. Under conditions of high temperature and pressure, and over hundreds of millions of years, petroleum is created (Kingston, 2002) . Gasoline is refined petroleum with a blend of hydrocarbons (HCs) and contaminants including low levels of sulfur, nitrogen, oxygen, and metals. In addition to emitting GHGs when the fuel is burned, the extraction of this fuel causes international land use change. Extraction and refining procedures have led to some of the worst environmental disasters in history, including the Exxon Valdez spill in 1989 and British Petroleum (BP) oil spill in 2010.
In the Exxon Valdez oil spill, approximately 35,000 seabirds were estimated to have been killed. As of 2007, native wildlife and the natural environment had still not fully recovered from the incident (National Oceanic and Atmospheric Administration [NOAA], 2008) . Oil continues to pool directly below the surface of the shoreline and may be released when an animal burrows or a severe weather event occurs (NOAA, 2008) . Over 20 years later, the environmental impacts are still felt from the Exxon Valdez spill.
The BP oil explosion in the Gulf of Mexico on April 20, 2010, was a news headline for months following the spill. It is one of the most highly publicized environmental externalities associated with petroleum. The total leak amounted up to 4.9 million barrels, which far exceeded the barrels leaked from the 1989 Exxon Valdez oil spill (Hoch, 2010) . As reported by BP, it has spent $14 billion on cleanup and set aside $20 billion for economic claims and restoration work. In terms of overall assessment of environmental impacts, it will take years to completely understand the extent of the damage. Such oil spills could lead to mortality and long-term chronic effects on endangered birds, turtles, fish, and entire ecosystems.
Gasoline is also associated with increased levels of water pollution due to leakage from gas stations and emissions from the use of internal combustion engines. Other significant environmental impacts are associated with petroleum's drilling and extraction processes. Water consumption in the production process varies significantly depending on several factors such as the age of the well and the degree to which produced water is recycled and reused. Oil wells produce high volumes of highly saline water called produced water. On average, approximately 8 gallons of water are required per gallon of crude oil recovered, and about 1.5 gallons of water are necessary to process a gallon of crude (Wu, Mintz, Wang, & Arora, 2009 
Diesel
Diesel is the second traditional transportation fuel source. It powers mostly the commercial goods transportation in the United States (Lloyd & Cackette, 2001 ). Diesel engines have 35 percent greater fuel economy than traditional gasoline engines (Bernstein et al., 2007) . Although diesel fuels contain higher carbon content than gasoline, a diesel engine is more efficient and has lower CO 2 emissions per mile than a gasoline engine (MacLean & Lave, 2003) . However, these engines still result in major emissions of GHGs as well as particulate matter (PM), NO x , and HCs (Lloyd & Cackette, 2001) . Apart from the general environmental impacts of diesel, including GHG emissions and water and soil pollution, diesel PM could alter cloud cover and rainfall patterns, leading to changes in the albedo (reflective coefficient) of the earth-atmospheric system. It has been suggested that the extent to which this modification occurs could effectively offset diesel's CO 2 advantage over gasoline (Lloyd & Cackette, 2001 ).
Liquefied Petroleum Gas (LPG)
LPG comprises HC-based gases derived from both crude oil and/or natural gas. LPG is formed naturally along with petroleum and natural gases (CH 4 
Hydrogen
Hydrogen is mostly produced by natural gas reforming, although it can also be produced from coal through a gasification process and electrolysis. In the case of coal-based hydrogen, coal is first reacted with steam and oxygen under high temperature and pressure conditions to make a syngas, which is made up of hydrogen and CO (US DOE, 2010). The mixture is cleaned and reacted with steam to produce greater quantities of hydrogen and CO 2 . Hydrogen is then separated and CO 2 may be captured and sequestered. It is also possible for other pollutants like SO x , NO x , mercury, and particulates to be captured so they do not enter the atmosphere. Burning of hydrogen results in only water vapor, and it does not emit any CO 2 or CO gases. Although hydrogen is more energy dense on a mass basis (61,000 Btus per pound compared with 20,900 Btus per pound for gasoline), it is much less energy dense on a volume basis (1 gallon of liquid hydrogen yields only 27.6 percent of that energy that a gallon of gasoline yields). Because of this major limitation, hydrogen is not considered a promising alternative transportation fuel for the near future.
Coals to Liquids (CTL)
Because of energy security concerns, CTL could be a possible source of domestic transportation fuels. Over 200 billion short tons of demonstrated coal reserves are accessible for mining purposes (Brathwaite, Horst, & Jacobucci, 2010) . Both lignite and bituminous coal can be used for converting to synthetic diesel using the Fischer-Tropsch process, which is a series of chemical reactions that convert CO and hydrogen mixtures into liquid HCs. The result is the production of a petroleum substitute.
Although there is a large supply of coal in the United States, CTL fuels have major externalities, including the environmental impacts associated with the extraction and refining processes. Using CTL in automobiles would also generate emissions leading to negative environmental externalities. The fuel contains the same waste characteristics of traditional diesel fuels (Brathwaite et al., 2010 ).
An LCA conducted by Jaramillo, Samaras, Wakeley, and Meisterling (2009) on CTL fuels included two possible future scenarios: high emissions (no carbon capture and storage [CCS] , high emission electricity) and low emissions (electricity from low emission sources, with CCS). In the former scenario, overall GHG vehicle emissions could be increased by up to 90 percent when compared with current petroleumbased gasoline. In the low-emissions scenario, CTL would still increase emissions by over 5 percent. The authors pointed out that the low-emissions scenario is not very realistic, and overall, the coal refining process is much less efficient and more complex than the oil conversion process (Brathwaite et al., 2010; MacLean & Lave, 2003) . In fact, it takes 100 pounds of coal to produce 1 gallon of gasoline. It takes 1.5 gallons (about 10 pounds) of oil to produce 1 gallon of gasoline (Brathwaite et al., 2010) . The resource inputs necessary should be taken into account when assessing the overall efficiency of CTL.
Coal mining could also affect water quality through mine drainage, which is formed when iron sulfides are exposed to and react with air and water. The resulting formations are sulfuric acid and dissolved iron. The iron can precipitate to form sediments along the stream beds. Acid runoff dissolves heavy metals including copper, lead, and mercury into both ground and surface water. Acidic and metallic drainage from coal mines can lead to substantial degradation of aquatic resources. Issues that arise from mine drainage include contamination of drinking water, disruption of growth and reproduction of plants and animals in aquatic systems, and corrosion of bridges and other infrastructure. In West Virginia, USGS (2011) has estimated that correcting mine drainage issues will cost around $5 to $15 billion.
At least partially because of these conversion statistics and the highly capital-intensive nature of a project, no CTL plants have been built in the United States (Jaramillo et al., 2009) . Although the US coal supply is large, an analysis of the transition from gasoline to coal has not been researched (Brathwaite et al., 2010) ; thus, the true magnitude of environmental externalities has not been established.
Compressed Natural Gas (CNG)
Natural gas mainly comprises CH 4 and can be converted to CNG and used in vehicle transportation (Bernstein et al., 2007) . CNG has small amounts of propane, butanes, and pentanes with very low CO 2 emissions at the tailpipe (MacLean & Lave, 2003) . In terms of the entire fuel cycle, CNG generates the lowest CO 2 emissions per vehicle mile travelled when compared with gasoline, diesel, and LPG (US DOE/ EIA, 1996). Overall, CNG has lower ozone-forming potential than gasoline and burns more cleanly than diesel or gasoline (MacLean & Lave, 2003) . Because natural gas is abundantly available in the United States, it can significantly lower oil imports, contributing toward energy security. Environmental impacts of natural gas production should be assessed in terms of extraction processes and emissions of CH 4 when the fuel is combusted. As of 2009, there were only 114,000 vehicles, mostly buses, that run on CNG. Currently, the United States ranks 17th in using CNG vehicles, constituting less than 1 percent of the world CNG vehicle fleet. Overall, CNG is expected to be the fastest growing alternative fuel in the United States.
Gas to Liquids (GTL)
GTL technologies use methane-rich feedstock such as natural gas and LNG to produce fuels such as diesel. A conventional GTL plant can produce about 62 percent diesel, 35 percent gasoline, and 3 percent propane. Pieprzyk, Kortluke, and Hilje (2009) report that GTL, which uses unconventional natural gas in the United States such as tight gas, shale gas, and coal bed methane, results in a 33 percent drop in the GHG balance compared with conventional petroleum. Because of the abundant natural gas reserves in the United States, GTL is emerging as an attractive alternative in moving toward energy security. Also, GTL is sulfur free, with significantly lower NO x and PM emissions compared with conventional petroleum products (Clark, Stephenson, & Wardle, 2009 ). As Five Winds International (2004) reports, GTL systems are neutral in their GHG impact compared with the refinery system, and they have the potential to contribute fewer GHGs than conventional diesel. However, like CTL, although GTL production is technically matured, it is highly capital intensive, and the expensive raw materials have hindered its expansion (Pieprzyk et al., 2009 ).
Liquefied Natural Gas (LNG)
LNG is CNG that has been reduced in temperature. Liquefaction, or the process used to condense the gas, uses refrigeration and compression. It consumes about a tenth of the energy content of natural gas (MacLean & Lave, 2003) . The liquefaction and storage processes require expensive equipment. When compared with CNG, the volume of LNG is reduced by a factor of 600; thus, transporting it is more economically feasible. The process of liquefaction removes O 2 , CO 2 , sulfur, and water, resulting in nearly pure CH 4 . LNG is used extensively in residential heating and in electric power generation, but the use of LNG for transportation is in its infancy. Major concerns about using LNG in automobiles include vapor boil-off from small storage tanks and heat transfer (MacLean & Lave, 2003) . Negative environmental impacts would occur in the event of natural gas spills and could affect water quality and aquatic life if the spill occurs in water and could lead to fire (Hightower et al., 2004) .
The continental United States has a large natural gas system for distribution, which is able to quickly and efficiently distribute natural gas throughout the country. Thousands of delivery, receipt, and interconnection points are included in the system. Hundreds of storage facilities and over 50 points for importing and exporting the gas are also already constructed. Some CNG fueling stations do exist, but more would certainly be necessary if the fuel became a major alternative (US EPA/OTAQ, 2002). However, fewer fueling stations exist for LNG, and most users have their own infrastructure dedicated to their vehicles.
Oil Shale
Oil shale is fine-grained sedimentary rock containing large quantities of kerogen that can be converted into liquid and gaseous HCs, including petroleum liquids, natural gas liquids, and methane. Oil shale is converted to HCs through a heating process without oxygen. Underground mining and in situ processes have been used in the oil production process. Waste products include spent shale and large quantities of water (US DOE, 2010) . It is possible that water resources may become of greater concern as climate change continues and human consumption may conflict with water usage from the oil shale refining process.
The in situ process mines rock from the bottom of the oil shale formation and then uses explosives to fragment the shale into smaller pieces (US DOE, 2010). Underground fires are then set to liquefy shale. However, low yields of petroleum have been produced from this technique, and additional environmental issues have arisen. Shifting of the surface lands has become an issue.
Both of these processes can lead to groundwater contamination by pyrolized oil as well as other toxics and metals (US DOE, 2010) . One such process, called Shell in situ conversion process, heats the shale for 2 years using electricity. Electricity consumed during this process alone would generate substantial emissions. It is estimated that the final oil product has 1.2 to 1.6 times the total energy output of the overall primary inputs to the process. The overall emissions during the fuel cycle are up to 47 percent larger than conventional fuel sources (Brandt, 2008) .
A Review of Environmental Externalities of Renewable Fuels
Renewable fuels are produced from renewable energy feedstocks. These fuels include biodiesel and ethanol. Advanced biofuels such as dedicated energy crops and forest and crop residues are also renewable fuels. Many techniques such as fermentation of starch/sugars, esterification of vegetable oil, and thermochemical and biochemical conversion of cellulose are in practice for converting feedstocks into biofuels (Bernstein et al., 2007 , 2012) . The life-cycle standards were established to ensure that renewable fuels emit lower emissions levels than the petroleum fuels they replace. Because of implementing these standards, more research has been conducted on these fuels than on any other alternative transportation fuel.
It is necessary to assess trade-offs associated with different renewable fuels to fully understand the impacts of each. Some biofuels have the potential to reduce GHGs that lead to anthropogenic climate change, although they also have many environmental impacts that need to be taken into account. Crop production for biofuels has implications on water and soil quality, biodiversity, and the landscape (Lankoski & Ollikainen, 2010) . Another externality is that bioenergy crops have the potential to become invasive species.
Enhanced production of biofuels can also be detrimental to biodiversity of agricultural landscapes. Biodiversity is defined as "species richness and estimated as number of species of plants, animals and microorganisms per unit area" (Sala, Sax, & Leslie 2009, p. 127) . Biodiversity may be negatively affected as a result of habitat loss, greater numbers of invasive species, and pollution due to greater fertilizer and herbicide application from increased land conversion to produce biofuels feedstock. Conversely, positive externalities may also be expected because some biofuels may lower global carbon emissions (Sala et al., 2009 ).
Habitat loss is another negative impact of land conversion for crop production (Lankoski & Ollikainen, 2010) . Other externalities of biofuels production include emissions of coarse particulate matter (PM 10 ), fine particulate matter (PM 2.5 ), and VOCs (Kusiima & Powers, 2010) . As biofuel production evolves, it is expected that emissions from CO 2 currently stored in soils and forests will be released when land is converted and the biomass is burned while converting forest or pasture lands to cropland.
In a recent study, researchers assessed a variety of biofuels, including cellulosic feedstock, and found that total external costs were highest for corn-based ethanol (Kusiima & Powers, 2010) . The emissions that have the greatest effect are those from fossil fuel combustion for heat and electricity used in chemical, feedstock, and ethanol production. For crops whose operations are more actively managed and therefore nitrogen intensive, returns on investment are higher per land parcel. However, there is also an increase in negative environmental externalities. Kusiima and Powers (2010) reported that the choice that had the lowest external costs was the use of forest residues because they are not as actively managed as dedicated energy crops and, therefore, are not likely to have higher levels of nitrogen runoff from fertilizer application.
Conflicting findings of biofuels analyses lead to greater uncertainty about the externalities associated with the production of these alternative fuels.
According to the results of a study conducted in Finland, the benefits of the production of biofuel do not exceed the environmental costs (Lankoski & Ollikainen, 2010) . This study claims that current policies in the United States and EU lead to negative overall impacts on the environment, with the exception of biofuels produced from rapeseed and reed canary grass because they have their lower herbicide runoff and biodiversity benefits. For biofuels to become desirable, researchers argue that it is necessary to transfer to no-till cultivation, heighten attention, protect water resources, and produce biofuel more efficiently (Lankoski & Ollikainen, 2010) .
Conversely, another study determined that both corn-based ethanol and biodiesel from soybeans have positive impacts on the environment. Cornbased ethanol reduces GHGs by about 12 percent compared with gasoline but increases environmental impacts, leading to fewer overall benefits. The study found that biodiesel GHGs are reduced by 41 percent when compared with diesel and that biodiesel lowers major air pollutants and has fewer impacts on environmental health through the release of pesticides (Hill, Nelson, Tilman, Polasky, & Tiffany, 2006) . However, both are considered to be better than gasoline or diesel fuels in terms of environmental impacts (Hill et al., 2006) .
Biodiesel
Biodiesel made from any organic oil source was used as a diesel alternative in the early twentieth century (Campbell, 2008) . Different feedstocks such as waste oil, animal fats, jatropha, rapeseed, palm oil, soybeans, and other oilseed crops are currently being used to convert to biodiesel. Substitution of biodiesel for diesel leads to reduced emissions levels of sulfur, soot, unburned HC, and polycyclic aromatic HCs (Campbell, 2008) . However, biodiesel does lead to increased NO x emissions when compared with traditional diesel; the production of the fuel also generates glycerin by-products and wastewater. Crops grown in the United States for the production of biodiesel, such as soybeans, have substantial chemical inputs, such as nitrogen (N), phosphorous (P), and pesticides, which lead to negative environmental impacts through runoff to other habitats as well as aquifers (Hill et al., 2006) . In addition, soybean oil has higher value as a food than the biodiesel it could produce.
Biodiesel derived from algae is another source of biodiesel. The most common algae used in this process are aquatic unicellular green algae, characterized by high growth rates and high population densities. Under proper conditions, algae are able to double their mass in less than a day. Algae can also contain high lipid oils, greater than 50 percent (Campbell, 2008) . The lipids are the important component in the process and can yield a much higher oil percentage on a weight basis than sources such as soybeans (19 percent) and rapeseed oil (37 percent). The inputs required to produce algae are CO 2 , light for photosynthesis, water, and space (Campbell, 2008) . It is necessary for high levels of CO 2 to be provided to maximize growth. Although significant amounts of water are necessary, they are able to be grown in wastewater sources, such as "coproduced water" from oil, natural gas, coal-bed methane wells, other wastewater from industrial sources, or saline water (Campbell, 2008; Ferrell & Sarisky-Reed, 2010) .
Two main types of systems exist for the production of biodiesel from algae: open race-way ponds and bioreactors. Open race-way ponds are relatively simple; they use the sun as the primary energy source. But the race-way system has limitations of low algae densities, water evaporation, and a high land footprint. In contrast, the bioreactor method, although expensive to build, is preferred for scientific research because it allows for a controlled environment to maximize production (Campbell, 2008) . It is likely that these ponds would need to be drained and refilled because of contamination from outside sources as well as evaporation. If saline water is used, it is also likely that treatment would be necessary after use because of high salt content effluent or solid by-products. Salt buildup could have negative environmental impacts and would require additional energy and financial resources to manage (Ferrell & Sarisky-Reed, 2010) . If bioreactors are used, less water would be required, but the growth system is substantially more expensive. Bioreactors may be located on top of flues at industrial power plants, cement plants, and petroleum and natural gas processing plants. The algae in the reactors would use the CO 2 in the flue gas to aid in algal growth (Ferrell & Sarisky-Reed, 2010) . Algae is still an emerging renewable fuel, which does not actually sequester carbon; rather, it provides carbon capture and reuse in the form of algae-based fuels. Technological feasibility is the major issue and calls for more research and development.
Sugar-or Starch-Based Ethanol
Ethanol is produced through a fermentation process of sugars in plants such as corn, forest residue, and switchgrass. Currently, ethanol can be blended with gasoline, or the fuel can be used on its own (Bernstein et al., 2007) . In the United States, ethanol is typically blended with gasoline, called E10 because it contains 10 percent ethanol and 90 percent gasoline. It is also possible for mixtures to be up to 85 percent ethanol and 15 percent gasoline (E85) in the United States.
A variety of environmental emissions should be considered when assessing ethanol's externalities: GHGs such as CO 2 , N 2 O, and CH 4 that contribute to climate change; the potential loss of biodiversity; and acidification from SO x (Kusiima & Powers, 2010) . If bioenergy crops are fertilized, eutrophication, or the addition of nutrients to a water body that leads to oxygen depletion, results in a plethora of environmental impacts. Eutrophication from nitrogen runoff leads to negative impacts on fisheries, fish poisonings due to algal blooms, reductions in biodiversity, and other water quality effects (Kusiima & Powers, 2010) . Soil erosion from the growth of biofuels leads to degraded farmland and negative offsite impacts such as damaging water quality.
Cellulosic Ethanol From Dedicated Energy Crops
Dedicated energy crops are those grown expressly for their ability to generate energy. Switchgrass, hybrid poplar, hybrid willows, and miscanthus are examples of energy crops. One major advantage is that some of these crops grow quickly and are perennial in nature. Directly after harvesting, they are able to regenerate themselves, leading to multiple harvests with a 7-to 12-year replanting period. Currently, these crops are not widely grown because they have no market, so growers have no assured price for their crops. However, as the alternative energy market develops, these crops may become more prevalent.
Forest Residues
Forest residues are by-products of forestry processes. Forest residues help protect the soil, maintain biodiversity and water quality through sediment control, and sequester carbon. Some of these ecosystem services may be reduced if forest residues are removed at unsustainable rates. But removing forest residues in a sustainable manner could improve forest health and at the same time reduce the risk of catastrophic wildfires. In addition, the negative environmental effects of using forest residues are significantly lower than the effects of using other sources of biofuels (Department of Trade and Industry, 2004) .
Crop Residue
Crop residue is leftover material after crops have been harvested in an agricultural field, such as stalks, leaves, and stems. US DOE (2011) estimated that under a baseline scenario (national average corn yield at 1 percent annual growth resulting in 200 bushels/acre in 2030), at a lower price of $45/dry ton, the supply of crop residues would rise from 25 million dry tons in 2012 to more than 80 million tons in 2030. Under a high-price scenario ($60/dry ton), the supply of crop residues was estimated to rise from 110 million tons in 2012 to about 180 million tons in 2030. The study also estimated the supply of crop residue under a high-yield scenario (double the current annual corn yield growth rate to reach 265 bushels/acre in 2030) to reach between 240 and 320 million tons by 2030 under the low-and high-price cases, respectively. Crop residue provides important ecosystem services, such as protecting the quality of soil from water and wind erosion. Residue cover reduces evaporation from the surface of the soil leading to increased drought protection (Andrews, 2006) . Removal of these residues for fuel purposes should be done in a sustainable manner to avoid negative environmental externalities. Based on an LCA, US EPA/OTAQ (2012) estimated that although corn grain-based ethanol, on average, would reduce GHG emissions by 21 percent relative to gasoline, corn stover ethanol could reduce GHG emissions by 129 percent.
Electric Vehicles (EVs)
Purely EVs gain energy from electricity, and batteries with high energy density for greater storage capacity are needed. Some EVs are marketed as "zero-emission vehicles. " However, they are battery powered and the electricity source to charge batteries is important to consider. Upstream emissions can be significant depending on the fuel source used to make electricity (MacLean & Lave, 2003; Elgowainy, Burnham, Wang, Molburg, & Rousseau, 2009) . Furthermore, nearly all materials that make up a battery are toxic heavy metals. The extraction, smelting, production, and disposal processes all lead to significant negative environmental externalities (MacLean & Lave, 2003) . In general, three kinds of batteries are used in hybrid vehicles: lead-acid, nickel metal hydride (NiMH), and lithium-ion (Bernstein et al., 2007; Anair & Mahmassani, 2012) . Although the most commonly used NiMH batteries are less toxic, they are carcinogenic.
Using a life-cycle approach, Elliott (2012) estimated that hybrid-electric vehicles (HEVs) produce about 23 percent less emissions than internal combustion engine vehicles. However, the study also revealed that HEVs are cost competitive only if gasoline prices continue to be high enough to influence consumer preferences for HEVs. Anair and Mahmassani (2012) reported that over the lifetime of an EV, more than 6,000 gallons of gasoline can be saved, contributing significantly to the nation's energy security. However, because nearly 50 percent of electricity produced in the United States comes from coal, to obtain the greatest GHG emissions benefit from EVs, it is important to improve the electricity grid and source electricity from cleaner and renewable feedstock.
Life-Cycle Assessment (LCA)
LCA models evaluate a product at all stages of its life. The LCA approach helps assess the environmental impacts of transportation fuels in a comprehensive way. Several LCA models exist for assessing transportation fuels, but they vary widely in terms of assumptions, coverage of fuels, and parameter values used, for example. We reviewed several LCA models, keeping in mind the transportation fuels that we have selected in this study (Table 8) .
We reviewed the following models: the Greenhouse Gases Regulated Emissions and Energy Use in Transportation (GREET); ERG Biofuels Analysis Meta-Model (EBAMM); Alternative Liquid Fuels Simulation Model (AltSim); Biofuel Energy Systems Simulator (BESS); GaBi, which includes LCA for sustainable product and process development; and System for Integrated Environmental Assessment of Products (SimaPro). Based on the depth of coverage of feedstock and fuel pathways, we selected the GREET model for this study. This model, developed by Argonne National Laboratory (ANL) (2009), assesses and compares GHG emissions across different transportation fuels.
Application of the GREET Model
GREET is a fuel-cycle analysis or well-to-wheel analysis model that includes the feedstock, fuel, and vehicle operation stages. GREET offers a number of key advantages over other models:
• A full version of GREET is free and publicly available.
• The model is capable of generating emission scores for North American regions for target years until 2020.
• It covers more than 100 fuel pathways of transportation fuels, includes more than 75 vehicle/fuel systems, and tracks at least eight types of emissions (Figure 8 ). • It offers significant control over input parameters, helps in modifying the model to user needs, and uses inputs sourced mainly from stakeholders and other simulation models.
• The graphical user interface provides capabilities to perform stochastic simulation to address uncertainties with respect to GREET parameters.
The GREET model provides estimates for GHG emissions, energy, fertilizer, and pesticide/chemical use data associated with an LCA of ethanol. The GHGs included in the model are CO 2 , CH 4 , SO 4 , N 2 O, NO x , PM 2.5 , PM 10 , and VOC emissions from direct and upstream sources. The GREET model allows for comparison of the emissions and energy sources of a variety of alternative feedstocks (Table 8) .
The model, however, does not attempt to monetize the external costs of these emissions. For this study, we assigned estimates of the social cost of GHG emissions and the cost of degraded air quality from other regulated emissions reported in GREET.
For valuation of the effects of GHG emissions, we used the estimates of the social cost of carbon (SCC) developed for US regulatory impact analyses (Interagency Working Group on Social Cost of Carbon [IWGSCC], 2010). These estimates are based on multiple projections of the impact of climate change on global economic output and are sensitive to the time frame of analysis and discount rate. We applied the IWGSCC's social cost estimate of $21.4 per ton of CO 2 e for 2010 with a 3 percent discount rate (Table 9) . We selected the SCC of $21.4 because it is called the "central number" (with the range of $5 and $65) because it has been used in the regulatory impact analyses for US DOT/EPA rules imposing CAFE standards and US DOE regulations of energy efficiency standards (Bell & Callan, 2011) . 3 
Application of Air Pollution Emission Experiments and Policy (APEEP) Model
To estimate the cost of degraded air quality from the non-GHG emissions reported in GREET, we used the estimates generated by the APEEP analysis model (Muller & Mendelsohn, 2006) . The APEEP analysis model is an integrated assessment model that connects emissions of air pollution through air quality modeling to exposure, physical effects, and monetary damages. The model calculates the marginal damage of emissions for about 10,000 distinct sources of air pollution for six pollutants: ammonia (NH 3 ), PM 2.5 , PM 10 , NO x , SO 2 , and VOCs. APEEP includes six categories of criteria air pollution damages related to human health and eight categories of physical impacts such as materials damage; ozone damage to crops and forests; the cost of foregone recreation due to SO 2 , NO x , ozone, and VOCs; and the cost of reduced visibility due to airborne PM. To transform costs reported in APEEP to national estimates, we weighted the county-level cost estimates by the 2010 county populations (Table 10) .
Based on the population-weighted cost of regulated air emission values and the emissions estimates reported in GREET, driving 1,000 miles using conventional gasoline generates external costs of $11.63 ( Figure 9 ). The lowest external cost of alternative fuels is estimated to be $2.94 per 1,000
miles from an 85 percent ethanol-blend (E85) using woody biomass, such as hybrid poplar as a feedstock. Fuels relying on coal as a significant input in production, such as diesel produced using the Fischer-Tropsch process, impose greater external costs than conventional gasoline or diesel.
For certain feedstocks, regional variation in yields and crop inputs may result in externalities that vary by region. To explore the potential differences, we created a spreadsheet-based tool to change the corn-based ethanol inputs within GREET by region ( Figure 10 ).
The crop input budgets based on different agricultural practices (e.g., irrigation vs. dry-land, tillage practices) for all the US states were obtained from the Forest and Agriculture Sector Optimization Model-Greenhouse Gas Emissions (FASOM-GHG), a dynamic partial equilibrium model used mainly for agriculture and forestry-related environmental policy analyses (Adams, Alig, McCarl, & Murray, 2005; Beach et al., 2010) . Based on our analysis, regional differences in corn production did not result in large differences in values of GHG emissions. Ethanol produced using corn from the Lake States region was estimated to have the lowest life-cycle GHG emissions, while ethanol produced using corn from the Pacific Southwest was estimated to have the highest (Figure 11 ). For corn-based ethanol, differences in life-cycle GHG emissions based on the feedstock region were minimal. Life-cycle GHG emissions from the Pacific Southwest were only 7 percent greater than those from the Lake States.
Dollars per 1,000 Miles
Estimation of Biodiversity Loss
To meet the demand for feedstock crops under a large-scale expansion in biofuels production, a combination of a shift in cropping patterns on the existing cropland and a conversion of forest or pasture land into new cropland would need to occur. As the rise in crop prices ripples through the global economy through international trade linkages, the result could be similar land conversion in other countries, which is known as indirect land use change (iLUC). When land is converted from forest or pasture cover, additional GHG emissions result because of the release of carbon stock from the soil and biomass. Accounting for iLUC-related emissions in assessing biofuels for policy making has been a highly contentious issue. Apart from GHG emissions, this iLUC has other consequences on the environment such as a loss of biodiversity. To estimate the potential magnitude of biodiversity loss associated with the US renewable fuel policy, we used model-predicted global forest cover change due to US renewable fuel policies from the GTAP-BIO model (Birur, 2010) . The GTAP-BIO model is a global computable general equilibrium (CGE) model with a focus on biofuels and land use change. We implemented the following policy scenarios: incremental production of corn ethanol in the United States increasing to 15 billion gallons by 2015, soybean biodiesel to 1 billion gallons, and import of sugarcane ethanol to 1.5 billion gallons. These three biofuels expansion scenarios were implemented separately in the GTAP-BIO model. The resulting changes in global land cover based on the individual biofuel scenario were incorporated into the Open Source Impacts of REDD+ Incentives Spreadsheet (OSIRIS) model for estimating the potential biodiversity loss.
We used estimates of national forest cover and endemic forest dwelling species from OSIRIS (Busch et al., 2010) . OSIRIS was used to evaluate the impact of different rates of deforestation on biodiversity.
The model was used to evaluate potential impacts of different REDD scenarios on biodiversity on a global scale and also to optimize biodiversity. The extinction rates in the model are estimated using a species-area relationship:
where E i refers to the rate at which a species is committed to extinction, S i is the current number of forest species in country i, d i is the deforestation rate (percent per year) in country i, and the parameter z = 0.25 from the archipelagic species area relationship (Kissinger, 2010) .
The biodiversity impact from changes in forest cover was estimated within OSIRIS using the species-area curve mentioned above. Our estimated biodiversity impacts of the US biofuels policies were found to be minimal in developing countries. The greatest impact on biodiversity in all scenarios was estimated to take place in Brazil. However, the predicted extinctions are below 0.04 even when sugarcane ethanol is imported into the United States (Table 11) . Although the aggregate measure of species extinction has some caveats compared with spatially disaggregated forest loss, the OSIRIS results give a broader picture of the potential impact of policies such as biofuels, which are suspected to affect biodiversity on a global scale. 
Impact of Transportation Fuels on Water Use
With the growing number of national policies aimed at achieving energy security and reducing environmental and other externalities by developing alternative fuels, the impacts of these new technologies on water use are drawing greater attention from researchers. Until recently, most of the debates on the food vs. fuel issue focused on diverting food grains and cropland for biofuels production.
With the rising interest in accelerating the production of unconventional fuels such as shale gas, the dimension of diverting water from farm production to hydraulic fracturing of oil shale has been added to the food vs. fuel debate surrounding expanded use of renewable fuels. Finley (2012) reported that farmers in Colorado face new competition for water use from the fracking industry. The Northern Water Conservancy District auctions excess water diverted from the Colorado River Basin, where farmers have to bid for water along with the energy companies. The average price of water at these auctions has been rising from $22 per acre-foot (326,000 gallons) in 2010 to $28 in early 2012. Although the share of water used by the fracking industry is relatively insignificant, the potential impact on the environment such as ground water contamination, radioactive contamination of water, earthquakes, and GHG emissions, particularly the emission of VOCs affecting health, is still a major concern. Using LCA, Wu et al. (2009) examined water use impacts for production of energy feedstocks and fuels. Those authors examined water requirements for five fuel pathways: ethanol from corn, ethanol from cellulosic feedstocks, gasoline from Canadian oil sands, Saudi Arabian crude, and US conventional crude from onshore wells. The fuel life cycle in their study included two major steps: resource extraction (feedstock production, oil recovery) and fuel processing (oil refining) or production (ethanol). The study found that a gallon of corn ethanol production requires about 10 to 324 gallons of water, mainly depending on the feedstock growing region, soil type, and climate (Table 12) , whereas water consumption in the gasoline life cycle ranges from 3.4 to 6.6 gallons incurred mainly during the oil recovery process. This range depends on type and source of crude, recovery technology, geological condition, the age of the well, and water reinjection. A similar range of water use is observed during oil-sands recovery. Although ethanol production was found to require a substantial volume of water, most of it is consumed during feedstock production, and only a comparably small volume is required by ethanol plants.
Based on estimates from the literature, Service (2009) compiled water requirements for energy production using fossil fuels as well as renewable fuels normalized based on energy content (Table 13) .
Because biofuels are agriculture based, the estimates for production of 1 MWh of soybean-biodiesel energy ranged from 13.9 to 27.9 million liters and that of corn ethanol ranged from 2.3 to 8.7 million liters. Compared with these estimates, the water requirement to produce petroleum fuels on an energy basis was insignificant.
Health Impacts of Transportation Fuels
Studies on human health effects of different transportation fuels are relatively few. Although reductions in GHG emissions from alternative renewable fuels are expected to bring health benefits, some studies contradict this view. For instance, Jacobson (2007) examined the public health risk from projected use of E85 fuel (85 percent ethanol + 15 percent gasoline) and found that emissions from E85 may increase ozone-related mortality, hospitalization, and asthma by about 4 percent compared with 100 percent gasoline in the United States. Assessing health effects across different fuels in a consistent manner would significantly contribute to an overall understanding of the transportation sector's effect on health. 
Sustainability Criteria
As global concerns about the environment and climate change are increasing, energy technologies are often reflected in the ambit of sustainability criteria. A sustainable energy technology may be defined as "the technologies that meet the present energy needs, without compromising the ability of future generations to meet their own needs" (Brundtland, 1987, p. 16) . Going by this definition, sustainable energy includes all renewable energy sources and also the technologies that improve energy efficiency, save energy on the demand side, and replace fossil fuels with renewable sources (Lund, 2007) .
Because developing and applying sustainability criteria for different transportation fuels was beyond the scope of this study, in this section, we highlight some of the issues concerning sustainable production and consumption of transportation fuels. Based on a literature survey on sustainability in transportation systems, Jeon and Amekudzi (2005) found that although there are no standard definitions, sustainable transportation is characterized as affecting at least three areas: the economy, the environment, and overall social well-being. Because the sustainability criterion of evaluating energy systems is still emerging, the evaluation frameworks are under development. However, some multistakeholder initiatives are underway for establishing sustainability standards for renewable fuels such as biofuels such as the Global Bioenergy Partnership (GBEP) and the Roundtable on Sustainable Biofuels (RSB). It is important to assess transportation fuels from a sustainability standpoint so that environmental externalities are reduced and cost-effective technologies are encouraged.
Apart from the supply-side assessment on sustainability, it is also equally important to gauge consumers' perceptions of emerging energy technologies. Rapid adaptation of alternative sources of transportation fuels is also crucial to achieve energy security and reduce GHG emissions. For instance, the US household survey data for 2007 (US Census Bureau, 2008) revealed that about 80 percent of the respondents drove alone to work during the previous week of the survey and only about 7 percent carpooled and 4 percent used mass transportation (Figure 12 ). These data clearly indicate that personal transportation offers tremendous scope to implement sustainable solutions aimed at reducing our dependence on oil. Therefore, promoting public awareness of alternative fuels and vehicle technologies is much needed. With proven alternative technologies, consumers could bring about a structural shift in energy demand that accelerates the pace of achieving energy security and environmental sustainability.
Conclusions
With escalating oil prices, concerns are yet again being raised about the need for reducing our dependence on foreign oil. Several alternative fuel technologies are racing to be a part of the solution to achieve energy security. However, many economic and environmental externalities are associated with different technologies. In this study, we have explored the costs associated with energy security/cost of dependence on oil and estimated the environmental externalities associated with different types of transportation fuels based on a set of economic, environmental, and LCA models.
Our assessment of estimations on oil dependence costs indicates that several elements constitute the true cost of oil, and not many studies have attempted to include all of these costs for various reasons. The share of petroleum imports' costs to US GDP has increased since 2001, implying the degree of dependence on foreign oil. The empirical studies also reveal that whenever the share of oil consumption expenditure to US GDP has crossed 4 percent, the United States suffered a recession. Volatility in oil prices poses a greater threat to economic as well as national security. Although political unrest in some of the MENA countries has been the major reason for the recent higher world price of oil, the weak US dollar has also supported higher oil prices. Several studies have estimated oil security premiums or the marginal external cost of petroleum consumption as the sum of GDP loss and wealth transfers. The monopsony power of the United States also contributes to higher oil prices whenever there is a slight increase in demand. However, it is not treated as an externality in many studies. In addition to these costs, national subsidies are given to transportation fuels that constitute a significant portion of the energy subsidy, and these need to be accounted for in the true cost of oil. Also, one of the key elements of the energy security cost is the national security component. Only a few studies have incorporated the defense expenditure attributed to the cost of securing imported oil. After accounting for these costs, studies have estimated the true or hidden cost to be as high as $8.35 per gallon of gasoline. Sustainability standards applied to not only transportation fuels, but also in other energy sectors as well, could be a catalyst in achieving energy security, while reducing the overall economic and environmental externalities of energy.
To estimate the environmental externalities associated with various transportation fuels, we used GREET, an LCA model; FASOM-GHG, a partial equilibrium dynamic optimization model on agriculture and forestry; APEEP, an integrated assessment model to calculate the marginal damage of emissions; GTAP-BIO model, a CGE model to estimate land use and land cover changes due to biofuels policies; and the OSIRIS model, to estimate the species extinctions based on deforestation due to the biofuels policy scenario results. Our estimate of the external cost of driving 1,000 miles was highest using conventional gasoline ($11.63), while the cost for driving the same distance with E85 fuel derived from woody biomass was cheapest at only $2.94 per 1,000 miles.
The FASOM-GHG and GREET-based analysis on incorporating regional variation in yields and crop inputs did not reveal any significant variation across the regions. The GTAP-BIO model-based deforestation rates due to implementation of US RFS2 policies for first generation biofuels, when applied to the OSIRIS model, indicated a very insignificant loss in biodiversity.
Overall, our appraisal of US energy security costs reveals that several studies on this subject have ignored one or more components (e.g., monopoly costs, national security costs) because the issue is complex. Studies on environmental externalities of transportation fuels particularly in recent years have focused heavily on alternative fuels, without evenly accounting for the externalities of petroleum fuels. If all these externality costs were to be internalized, then the price of petroleum fuels in the United States would be much higher. Because internalizing such costs by taxation or rising petroleum prices is politically infeasible in the United States, it would be worth encouraging development and expansion of alternative fuels (both renewable and unconventional fuels) and increasing fuel efficiency using CAFE standards to help reduce petroleum imports and increase energy security.
Recommendations for Further Research
As the world is witnessing dynamic technological advancement in developing alternative transportation fuels, it is important to analyze and compare the potential of these technologies in a consistent and comprehensive manner. Simultaneous consideration of economic, environmental, and other societal costs within a holistic framework will help answer key questions regarding the relative costs and benefits and suitability of alternative transportation fuels that could play a role in meeting our future energy needs. Given the size of the US oil market, any policy-driven changes in US oil consumption also significantly affect global oil production, the mix of oil resources, and oil price volatility. On this front, it is important to examine the externalities associated with policydriven changes in oil consumption.
Government subsidies/tax credits for biofuels provided in developed countries have also been criticized in the scope of the food vs. fuel debate. However, additional work to account for the implications associated with incentives (subsidies and tax credits) for transportation fuels is necessary. Because military costs are not included in several studies that estimated oil dependence costs, the extent to which military spending could be treated as a fixed versus variable cost is the key factor that needs to be examined. Estimating these true costs in a comprehensive and transparent manner is much needed, because incorporating these externalities could boost the US transition to alternative fuels.
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